Sex steroid hormones play fundamental roles in reproductive activities. 50
Introduction 78
Steroid hormones serve important functions in regulating a wide range of 79 physiological processes including cell growth, differentiation, development, 80 reproduction, and in overall homeostasis and health, throughout the life of vertebrates. 81
Among the sex steroid hormones, estrogens and androgens play important roles in 82 sexual differentiation and reproduction, particularly in the development and expression 83 of male and female sexual characteristics. These effects are principally mediated by 84 specific receptors, the estrogen and androgen receptors (ESRs and ARs), which belong 85 to the nuclear receptor superfamily. As the main regulators of sex hormone signaling, 86 ESR and AR have key roles in the molecular processes mediating reproductive 87 development and behavioral patterns of organisms, and their diversity and evolution. 88
Most vertebrates have two ESR subtypes (ESR1 and ESR2) and one AR. ESRs 89
share a certain degree of sequence similarity and bind the endogenous estrogen 90 17-estradiol (E2) with a high affinity. However, the two receptors exhibit clear 91 differences in the tissue distribution and their target genes [1] [2] [3] [4] and hence, functional 92 diversification has been suggested among the ESR subtypes. To date, distinct roles of 93
ESRs have been characterized in only a limited number of mammalian species, 94 including in mouse and human. In the teleost lineage, the esr2 gene has been further 95 duplicated through a teleost-specific whole genome duplication (WGD) event, but for 96 esr1 only one gene remains. As such, most teleosts possess three ESR subtypes encoded 97 by separate genes: esr1, esr2a and esr2b. [The published nomenclature for classification 98 has been confusing, particularly with regards to nomenclature for ESR2 (formerly ERβ) 99 subtypes. For example, the medaka ERβ1 (NM_001104702) is orthologous to ERβ2 in 100 other fish species, including carp (AB334724) and zebrafish (AJ414567), whereas 101
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The development of vertebrate male reproductive organs and male secondary 173 sexual traits is primarily regulated by androgens (Fig. 2) . External genital organs have 174 convergently evolved in vertebrates for efficient fertilization and reproduction. In 175 mammals, the male external genitalia form a tubular urethra, as well as a 176 well-developed prepuce and corporal body, and their development depends on 177 androgens [24, 25] . Some fish species also have developed several types of copulatory 178 organs for efficient sperm transport. In cartilaginous fishes, the midline pelvic fin is 179 modified to form a tubular (glove-like) structure, termed the clasper in response to 180
androgen [26] . In ovoviviparous fish such as Poecilidae (a group of 181 Cyprinodontiformes), the development of a gonopodium (GP) through modification of 182 the anal fin has generated a prominent male sexual characteristic [27] [28] [29] . The 183 development of GP in ovoviviparous fish such as guppy, swordtail fish and 184 mosquitofish enables internal fertilization. Oviparous fishes can also exhibit 185 male-specific external structures associated with reproductive activities. For example, 186 medaka (Oryzias latipes) exhibit a male-specific appendage structure, the elongation of 187 fin rays and the formation of papillary processes in the anal fin [30, 31] . This enables 188 mating males to embrace the posterior part of the female's body with the anal fin for 189 efficient external fertilization [32] . 190
Male secondary sexual characters also appear as an elongation of the fin ray, 191 kidney hypertrophy, increase in skin thickness, and an appearance of breeding colors in 192 some fishes [33] . Male stickleback (Gasterosteus aculeatus) produce spiggin in their 193 kidneys in response to elevated circulating androgen levels and this glue protein is used 194 during nest building. Sexually mature male stickleback also show a red coloration of 195 their belly [34] and this prominent breeding color is attractive to females and 196 simultaneously serves as warning for competing males [35] . A recent study indicates 197 that androgen is a key factor in enhancing sensitivity to red light by regulating the 198 expression of the opsin gene [36] . Such visual sensitivity might be important for 199 territorial males to detect the presence of competitors [37, 38] . In mosquitofish, the 200 transition from anal fin to GP is induced by androgen treatment in both juvenile fry and 201 adult female [39, 40] . In medaka, castration causes regression of papillary processes, 202 whereas transplantation of a testis to an adult female or the administration of androgens 203 to females induces papillary processes formation [41, 42] . The androgen-dependent 204 development of the anal fin with the papillary process in medaka, the GP outgrowth in 205 mosquitofish, and the production of spiggin in stickleback have been used for the 206 detection of chemicals having androgen action [43] [44] [45] [46] [47] [48] . 207
In amphibians, the development of a nuptial pad and vocal organ called the larynx 208 are regulated by androgen [49, 50] . Adult male Xenopus form larger nuptial pads, which 209 are used for grasping females during amplexus. Gonadectomized females implanted 210 with a testosterone (T) pellet also form prominent nuptial pads [50] . The male larynx 211 undergoes a profound transformation involving rapid growth, fiber addition, and 212 conversion of fiber twitch type. Castration completely arrests fiber type conversion and 213 retards muscle growth and fiber addition, indicating the androgen-dependency of these 214 organs [49, 51] . 215
Birds exhibit a diversified development of sex characteristics in appendicular and 216 reproductive organs, including comb, wattle, syrinx, urogenital tract and gonads [52] [53] [54] [55] [56] [57] . 217
In birds, androgens play a role in the developmental program of these hormone sensitive 218 tissues as well and therefore, AR expression in such tissues has been well analyzed [54 [40, 52] , as well as the clasper function in cartilaginous fishes also [26] . excellent model for studying sex determination and differentiation during early gonadal 408 development as genetic and intrinsic sexes can be identified. In our own studies we have 409 established esr1 KO medaka and these did not show any significant defects in gonadal 410 development, sexual characteristics and reproductive activity [124] as in the case of 411 zebrafish. Intriguingly, esr2a KO female medaka show abnormal abdominal swelling 412 with ovarian expansion and are infertile (Fig. 3) indicating that esr1 is the most highly expressed hepatic Esr subtype [124] . These 426 results suggest that estrogen stimulation primes and upregulates Esr1 expression by 427 either Esr2 subtype and resulting in a continued vtg expression through augmented Esr1 428 in the liver. In fact, vtg expression is significantly lower in the liver of esr1 KO medaka 429 than that of controls. However, the finding that esr1 KO medaka show no significant 430 effects on reproductive activities suggests that Esr1 function could be partly 431 compensated for by one or both Esr2 subtypes. responsiveness to E2, whereas species differences are more pronounced in tetrapods 446 [133, 134] . Amphibian Esrs appear to be less sensitive to E2 generally [135, 136] . From 447 vertebrates studies to date, the ESR1 in snakes -the Okinawa habu (Protobothrops 448 flavoviridis, Viperidae) and Japanese four-striped rat snake (Elaphe quadrivirgata, 449 Colubridae), have the highest estrogen sensitivity, followed by other reptilian and avian 450 species [133, 137] . ESRs from high sensitive animals may respond more quickly and 451 have a lower demand for the amount of hormone required to trigger hormone activity 452 compared with low sensitive animals. However, the biological implications of such 453 species differences in estrogen sensitivity have yet to be determined. 454
The presence of multiple SR subtypes, in particular in teleosts, may have 455 significant bearing on the responsiveness and effects of steroid hormones. There are 456 clearly different responses between receptor subtypes for the Esr in fish. As in the case 457 for Esr1, inter-species differences in response to E2 for both Esr2a and Esr2b are small. 458
However, across the Esr subtypes Esr2a is generally the most sensitive to E2 (i.e., Esr2a Wild-type female, (B) esr2a KO female. 946
